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Abstract
Background: P2X2 receptor is an ATP-activated ion channel which is widely expressed in the
nervous system, and mediates synaptic transmission.
Results: We recorded currents of P2X2 receptors expressed in Xenopus oocytes from outside-
out patches and have found that currents recorded from patches containing a single or multiple
P2X2 channels differ in a manner suggesting positive cooperativity. First, the currents from
multichannel patches exhibit simultaneous transitions more frequently than predicted from the
activity of independent channels. Second, the mean open lifetime at the current level of a single
channel in a multichannel burst is about six times longer than the open time of currents from single
channel patches, a trend opposite to what is expected of independent channels. These results
indicate that the channels have positive cooperativity and that the longer opening is due to a slower
closing rate. Third, from kinetic analysis the likelihood of the cooperative model is significantly
larger than that of the independent model. Fourth, the open channel noise of currents from patches
containing multiple channels is less than half that from a single channel, which is consistent with the
channel properties being different when they are active in groups.
Conclusion: Taken together, our results suggest that P2X2 receptors are non-independent, but
interact with positive cooperativity.
Background
ATP functions as a neurotransmitter in the central nervous
system [1–3]. Synaptically released ATP acts on a class of
ligand-gated ion channels called P2X [4–7]. While the dy-
namics of these channels have been studied [8,9], a com-
mon assumption is that the channels are independent.
This paper questions that assumption.
Patch-clamp techniques [10] made it possible to observe
directly the conformational changes of a single channel,
but there are usually multiple channels in a patch. If the
channels behave independently and are not too abun-
dant, the mathematics and analysis of the data is straight-
forward  [www.qub.buffalo.edu]. However, the
assumption of independence is rarely tested, and may be
wrong. Functional interactions between channels have
not been studied intensively but data do exist showing co-
operativity [11]. The presence of cooperativity changes the
significance of expression density.
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Figure 1
Typical current from a multiple-channel patch. (A) The outside-out patch current activated by 10 µM ATP recorded at
-120 mV from a Xenopus oocyte. The data were sampled at 10 kHz and filtered at 5 kHz. There are at least three channels
active in this patch as indicated by the open level of current. There are a surprising number of what appear to be nearly simul-
taneous openings and closings, some of which are marked by arrows. These occurrences are the indication of channel interac-
tions. The convention in this paper is that inward currents are downward. (B) The all-points amplitude histogram of currents
from panel A (0.15 pA/bin). The distribution was fit by a sum of four Gaussians (lines), with means of 0, 4.1, 7.9 and 11.9 pA,
representing the closed, 1st, 2nd, and 3rd open levels. The open channel noise of each level was ~1.2 pA. The probabilities,
P(k)exp, that all channels are closed, one, two, and three channels are open from histogram are 0.210, 0.487, 0.270, 0.027,
respectively in this patch. (C) Comparison of P(k)exp with P(k)binomial from the binomial distribution (Eq. 5). The ratio of
P(k)exp/P(k)binomial increases with increasing k.
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Homomeric channel interactions have appeared as an ex-
cess of multiple openings (relative to independent chan-
nel expectations) in K+ channels [12] and acetylcholine
receptors [11,13–15]. Interaction between heterologous
channels has also been demonstrated between Ca2+ and
Ca2+-activated K+ channels [16] that may be explained by
intracellular accumulation of Ca2+ near closely spaced
channels. Nicotinic acetylcholine receptors also interact
with P2X2 receptors [17] via unknown mechanisms.
In our previous papers [18,19] we studied the open chan-
nel and gating properties of P2X2 receptors. The data for
these kinetic analyses were obtained from the patches
containing a single channel. Here, we report discrepancies
between single channel and multiple channel currents.
Analysis from open channel lifetimes, open channel noise
and kinetics indicate that the receptors are not independ-
ent, but have positive cooperativity.
Results
Records from patches of multiple channels containing fre-
quent concurrences
Figure 1A shows typical multiple channel currents activat-
ed by 10 µM ATP at -120 mV recorded from an Xenopus
oocyte. 10 µM ATP is about equal to EC50 value. Since we
did not see open level more than 3 channels from entirely
record, we think the patch contained at least three chan-
nels. As indicated by arrows, there are many simultaneous
closing and open transitions. These concurrences of open-
ings and closings are highly suggestive of channel interac-
tions since independent channels would have less
clustering [20]. We observed this phenomenon in all sev-
en multiple-channel patches.
We estimated the channel amplitude by fitting amplitude
histograms (Figure 1B) with four Gaussians representing
the closed, 1st, 2nd, and 3rd open level. The mean current
of the states was 4.0, 7.9 and 11.9 pA, respectively. The
mean open channel noise/channel was ~1.2 pA with a 5
kHz bandwidth (estimated from the standard deviation of
the Gaussians), a value ~30 % of the mean open channel
current amplitude (also see Figure 3D). Since the ampli-
tude and open channel noise of the different open levels
are essentially the same, the conductance properties ap-
pear identical.
The probability that k channels are open out of a total of
N should follow a binomial distribution if the channels
are identical and independent (Eq. 6). A deviation from
this distribution would indicate that at least one of the as-
sumptions is not true. Using po obtained from the single
channel dose-response curve shown in Fig. 2, we have
plotted in Figure 1C the ratio of the observed open prob-
ability at each level, P(k)exp, to the predicted distribution
obtained from the binomial distribution, P(k)binomial. If
channel behaviors are the same in patches containing a
single and multiple channels, P(k)exp/P(k)binomial should
be ~1 regardless of k. The results show here that P(k)exp/
P(k)binomial increases with increasing k, suggesting a posi-
tive deviation from the binomial distribution. However,
Figure 2
Dose-response curves of currents from multiple- and
single channel patches. (A) Multiple channel currents acti-
vated by different ATP concentrations at -120 mV. The data
were sampled at 10 kHz and filtered at 5 kHz. The bar indi-
cates the application of ATP. (B) The dose-response curve of
multiple channel currents (Circles, n = 3) and single channel
currents (Diamonds, n = 2) recorded from outside-out
patches. The multiple channel currents were normalized to
the peak value of currents activated by 100 µM ATP and res-
caled to the same po,max as the single channel current. po of
single channel currents (Diamonds) were calculated from the
all-points histogram (see Figure 4). The solid line is a fit of the
Hill equation of multiple channel currents with an EC50 of 9.8
± 0.8 µM and a Hill coefficient of 1.91 ± 0.29. The dash-dot
line is the fit of the Hill equation of single channel currents
with an EC50 of 11.2 ± 1.0 µM, a Hill coefficient of 2.3 ± 0.44,
and po,max of 0.61.
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Figure 3
Mean open channel lifetimes of currents from multiple channel currents and single channel currents. The cur-
rents were recorded from Xenopus oocytes at -120 mV in divalent free perfusion solutions and were sampled at 20 kHz and fil-
tered at 5 kHz. (A) Single channel current (left) shown with the idealized current above and the histogram below. The mean
amplitude and open channel noise are 4.1 pA and 2.4 pA. (B) Currents from a patch containing two channels (left) with the ide-
alized currents shown above and the histograms below. The mean amplitude and open channel noise are 4.8 pA and 1.5 pA.
(C) Mean open lifetimes of currents from patches containing one (n = 6), and two (n = 4) and three (n = 5) opening levels. (D)
The relative open channel noise of single channel currents and of the 1st and 2nd opening levels of multiple channel currents.
The amplitude difference between 1st and 2nd level of multiple channel currents is insignificant. However, the noise of multiple
channels (either 1st or 2nd level) and single channel currents is significantly different (p > 0.05, t-test).
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po = 0.4 is a more accurate value estimated from the opti-
mization, indicating the increase in open probability of
channel in multiple-channel patches. These analysis
strongly suggest that the gating mechanism is different be-
tween single channel and multiple channels
However, the binomial test is not a stringent test of coop-
erativity, especially for relatively small deviations. Bino-
mial tests do not contain any kinetic information, only
equilibrium information. As Horn [21] pointed out, the
binomial distribution is no better a statistical predictor for
the number of active channels in a patch than is the max-
imum observed level. A better test of independence is to
ask whether events are correlated in time, since that utiliz-
es both amplitude and duration information. That analy-
sis is discussed later in the paper.
Dose-response curves of single channel current and multi-
ple channel current have similar EC50 values and Hill coef-
ficients
Figure 2 shows multiple channel currents activated at dif-
ferent concentrations of ATP (A) and the peak-current
dose-response curve (B, Circles). In order to compute the
mean response from multiple channel currents, the dose-
response curves were normalized to the current activated
by 50 µM ATP and fit with the Hill equation. This yielded
an EC50 of 9.8 ± 0.8 µM and a Hill coefficient of 1.9 ±
0.29. Figure 2B also shows the dose-response curve of sin-
gle channel currents (Diamonds), fit with a Hill coeffi-
cient, EC50 and po,max of 2.3 ± 0.44, 11.2 ± 1.0 µM and
0.61 respectively [19]. These parameters depend on the
molecular rate constants in the reaction pathway. The
similar values of EC50 and Hill coefficient of multiple
channel currents and single channel currents suggest that
the rate constants along the activation pathway had
changed in a compensatory way. However, we do not
know the absolute value of po in multiple channel currents
and had to normalize the data of a single channel.
Mean open time of a single channel is much shorter than 
multiple channels
We might assume that rate constants in the activation
pathway are similar in single channel currents and multi-
ple channel currents since both have a similar EC50 and
Hill coefficient. Because we saw clusters of openings, we
presumed the dominant effect might be on the closing
rates associated with aggregation. Earlier kinetic analyses
of single channel currents suggested that there were at
least three binding sites (four closed states) in the activa-
tion pathway [19]. Although the presence of aggregated
closed states complicates the kinetics of multiple-channel
currents, the mean open channel lifetime can be comput-
ed without explicitly considering the four closed states. By
comparing the mean open lifetime of single channel cur-
rents and mean open lifetime of each level in multiple
channel currents, we can determine whether the mean
closing rate (i.e. the inverse of the mean open time) is af-
fected by channel interactions. We obtained the lifetimes
of different current levels from idealization of the currents
using the program SKM  [www.qub.buffalo.edu]. Our pre-
vious study demonstrated that the mean open lifetime
was independent of ATP concentration [19].
Figures 3A and 3B show currents from a single-channel
and a two-channel patch (upper panel) with the idealized
currents shown above the raw data, and their amplitude
histograms below. From visual inspection we can see that
the open times of the currents from the two-channel patch
are much longer than those from the single channel patch.
We analyzed the mean open times of currents containing
one, two, or three channels in the patch and these are
plotted in Figure 3C. The mean open time of a single
channel patch is 2.50 ± 0.67 ms (n = 6), while in the mul-
tiple channel patches mean open time of each level is
longer; opposite to the behavior expected for independent
channels. With independent channels, a given state life-
time should decrease when more channels are available to
change state. The increase in mean open lifetime with
channel number in the patches is consistent with our ob-
servation of a trend toward positive deviations from the
binomial distribution (Fig 1C).
Consider a simple two-state model:
where C and O represent the closed and open states; α and
β are opening and closing rate constants that give the
mean open and closed times of τo = 1/β and τc = 1/α. If
there are two independent channels in the patch, the
model could be formulated as follows [22]:
C represents both channels closed, O1 one channel open,
and O2 both channels open. Then, the lifetimes of C, O1
and O2 (designated as τc, τo1 and τo2) are 1/2α, 1/(α+β),
1/2β, respectively. This indicates that the lifetimes of O1
and O2 for two independent channels should be smaller
than O in a one channel patch (Scheme 1) due to the mul-
tiple channel openings. This prediction is opposite to our
observations.
CO
α
β
→  ←  Scheme 1
CO O
2
1
2
2
α
β
α
β
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We further tested this conclusion with simulations. We
simulated currents assuming α = 250 s-1, and β = 400 s-1
in Scheme 1. The theoretical lifetimes of the closed and
open states are 4 and 2.5 ms, respectively. We simulated
the currents with one, two, and three independent chan-
nels and calculated the mean lifetime of each level (pro-
gram MIL,  [www.qub.buffalo.edu]) (Figure 4). The mean
closed and open lifetimes calculated for a single channel
are 3.92 and 2.51 ms, close to theoretical values. For sim-
ulations with two independent channels, the recovered
lifetimes of closed level, 1st and 2nd open level were 2.09,
1.60, and 1.28 ms respectively, for levels 1, 2 and 3, close
to the theoretical values of 2.00, 1.54, and 1.25 ms. The
mean open times decreased with the number of channels
(Figure 4B). The simulation results for independent chan-
nels are those expected from theory, but opposite to our
observations with multiple channel currents (compare
Figures 3C and 4B). Although Scheme 1 is the simplest
possible kinetic model, the same general behavior applies
to more complicated kinetics [23]. The dramatic increase
in mean open time of channel with multiple channel
patches indicates that some kinetic property is different
from single-channel patches.
We did a more global test of cooperativity by directly com-
paring cooperative and independent models using a max-
imum likelihood technique. If two binary channels were
active, there would be three distinct current levels. We can
model this with Scheme 2 with the constraints imposed
by independence (above), or Scheme 2 without any con-
straints on the rates. If one assumes the number of chan-
nels is known, the unconstrained version of Scheme 2 has
two extra parameters. If the unconstrained version of
Scheme 2 is more likely to explain the data than the con-
strained one, the cooperative model is more likely.
We fit several data sets with the two models using the
maximum interval likelihood program MIL
[www.qub.buffalo.edu], and in all cases the likelihood ra-
tio of the cooperative/independent model was >140, far
in excess of the amount expected for the extra degrees of
freedom. This strongly favors the cooperative model. In
other words, the likelihood of observing multiple level
events occurring so close in time is unlikely to occur with
independent channels.
Open channel noise of currents is reduced in the patches 
containing multiple channels
We have observed an interesting phenomenon that relates
to channels having different properties. When there is
more than one channel in a patch, as expected, the open
channel noise is higher than in single-channel patches.
However, the open channel noise of each level in multiple
channel currents is the same (c.f., Figure 1 and Figure 3D)!
The relative open channel noise (σex,n/i, where i is the am-
plitude of a single channel) at the 1st and the 2nd level is
0.29 ± 0.01 and 0.30 ± 0.04 (n = 4) (Figure 3D), the 3rd
open level has a similar value in multiple-channel patches
(see Figure 1), while in the single channel patch, it is
Figure 4
Simulated currents containing one, two, three chan-
nels, and mean times of each open level. (A) Simulated
currents containing one (top), two (middle) and three (bot-
tom) independent channels. We used a two state model
(Scheme 1) with α = 250 s-1, and β = 400 s-1 to simulate the
currents. The simulated currents were sampled at 100 kHz
and filtered with a digital filter of 10 kHz. The mean closed
and unitary current amplitude set to 0 and 1 pA respectively.
We set the standard deviation for closed and open level of
0.1 and 0.3 pA to mimic the large open channel noise of
P2X2 receptors. Oi represents the nth open level for multi-
ple channel currents. (B) The mean times of each open level
from 5 s of simulated data.
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~0.67 ± 0.01 (n = 6) (Figure 3D and Table 1). The differ-
ences in relative fluctuations may be the consequence of
faster closing rates in single channel currents than in mul-
tiple channel currents, so that some short events are
missed and end up being classed as open channel noise
[24].
The increase in open channel noise of single channel cur-
rents relative to multiple channel currents with equivalent
mean conductances at the same bandwidth suggests the
basic channel permeability properties are comparable.
Apparently the interaction of the channels affects not only
the main-state gating rates, but the substate transition
rates that create the open channel noise.
ATP does not affect open channel noise
In some ligand-gated ion channels, such as ACh receptors,
the agonist not only activates the receptors, but also
blocks the pore as well [25,26]. In order to test if ATP
blocks the P2X2 receptors and affects open channel noise,
we recorded single channel currents activated by different
concentrations of ATP. Figure 5 shows the currents record-
ed from a single channel patch activated by different ATP
concentrations and the corresponding amplitude histo-
grams. The currents activated by different ATP concentra-
tions have a similar mean amplitude i of ~3.5 pA and σex
of 65~70% (from the all-points histograms, see parame-
ters in Table 1). Therefore, there is no indication that ATP
blocks the channel or influences the open channel noise.
This is consistent with the idea that ATP, a strongly
charged anion, would be excluded from a pore selective
for monovalent cations [7,18].
Discussion
Our results demonstrate a clear discrepancy between the
currents recorded from a single channel and those from
multiple channel patches. Analysis of open channel life-
times, open channel noise, and gating kinetics suggest
that P2X2 receptors have non-independent gating behav-
ior when multiple-channel exist in same patch, and P2X2
kinetics vary with the number of active channels, favoring
positive cooperativity toward opening.
While we found some discrepancies in the binomial dis-
tribution of occupancy, the deviations vary from patch to
patch and are not convincing. The equilibrium binomial
distribution is relatively insensitive to deviations since
there is no time information [27]. Yeramian et al [11]
have presented kinetic models that have a binomial am-
plitude distribution but correlated lifetimes.
The open channel lifetimes estimated for multiple chan-
nel currents are longer than those expected from single
channel currents (Figure 3C), a trend opposite to that ex-
pected from independent channels (Figure 4B). The ob-
served increase in open lifetime in multiple channel
patches suggests the effects of interaction may primarily
be on the closing rate. Therefore, the po of multiple chan-
nel currents may larger than that of single channel cur-
rents. The channel closing rate may be dependent on the
conductance state of neighboring channels via ionic fluxes
or by direct interactions.
The open channel noise of multiple channel currents is
smaller than single channel currents, adding to the collec-
tion of properties altered by interactions (Figure 3D). It is
not clear whether the differences in open channel noise
arise from direct interactions between the channels or
possibly differences in the membrane surrounding the
channels, a phase separation. Based on our earlier studies
of open channel noise [18], it doesn't appear that the re-
duction in noise is a result of accumulation (or depletion)
of ions due to ionic fluxes. The excess noise of a single
channel current is independent of ATP concentration sug-
gesting that ATP itself does not cause extra noise, and that
Table 1: Single channel parameters estimated from all-points amplitude histograms
[ATP], (µM) i, (pA) σex, (pA) σex/i,
52 . 8 0   ± 0.1 2.54 ± 0.14 0.90
10 3.36 ± 0.05 2.42 ± 0.09 0.71
15 3.58 ± 0.03 2.31 ± 0.05 0.64
20 3.61 ± 0.03 2.38 ± 0.05 0.66
30 3.54 ± 0.02 2.31 ± 0.04 0.66
50 3.38 ± 0.03 2.30 ± 0.04 0.68
100 3.60 ± 0.02 2.35 ± 0.04 0.65
Note: The results were obtained from the all-points histograms in Figure 5. The relative excess open channel noises of single channel current are 
similar except the current activated by 5 µM ATP. This outliner is due to the low open probability that make the fitting of Gaussian distribution 
unreliable.BMC Neuroscience 2002, 3 http://www.biomedcentral.com/1471-2202/3/17
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Figure 5
Open channel noise is independent of ATP concentration. (A) Single channel currents recorded at -120 mV from a
Xenopus oocyte activated by different concentrations of ATP as indicated in the figure. The data were filtered at 10 kHz and
sampled at 40 kHz. The perfusion solution contained no divalent ions. All of the current traces in this figure are from the same
patch. This patch contained one channel because there is no overlap of current in all the range of ATP concentrations. (B) The
all-points amplitude histograms of the currents from panel A (0.05 pA/bin), with the distributions fit to the sum of two Gaus-
sians. The dot, dash dot, and solid lines are the fits of open peak, closed peak, and the summation of two Gaussians. The fitting
parameters are listed in Table 1.
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local ionic depletion and accumulation are not the origin
of the effect (Figure 5 and Table 1).
Faster gating kinetics might increase the apparent open
channel noise of single channel currents (Figure 3A and
3B) due to the limited bandwidth that turns missed events
into excess noise. This is confirmed by our simulated data
with the different closing rates, but the same opening
rates. At the same bandwidth, faster closing rates, i.e.,
shorter open lifetimes, can increase open noise and atten-
uate the mean amplitude (simulated data not shown).
Similarly, with the same open and closing rates, the open
channel noise and the amplitude decrease with the de-
creasing bandwidth.
The large open channel noise for the P2X2 receptors arises
from conformational changes, not channel block [18].
For currents from single channel patches, the ratio of open
channel noise to the mean amplitude can be > 65 % (Fig-
ures 3D and 5, Table 1). The noise level is similar to that
observed in the cyclic nucleotide gated channels [28], but
is much higher than most other voltage and ligand gated
channels. The "noise" may contain several subconduct-
ance states; however, a higher bandwidth/lower noise re-
cording system is needed to resolve them. For simplicity
we therefore assumed that there is only one (noisy) open
state and the noise level correlates with the number of ac-
tive channels.
Channel interactions might occur if the local density of
channels places them in contact. It has been suggested
that sodium channels form dimers or trimers [29,30].
From the strong cooperativity of Ca2+ channels, it has
been proposed [31] that Ca2+ channels may also aggregate
into clusters. For a steric interaction between nearest
neighbors, the stoichiometry would seem to be limited to
a factor of 4–5. While "cross-talk" between P2X and nico-
tinic receptors has recently been shown [17,32,33] our re-
sults indicate that P2X2 receptors themselves are not
independent, but positively cooperative. Given the exten-
sive expression of P2X receptors throughout the nervous
system, direct channel-channel interaction may affect
neuronal function. Cooperativity is one of the basic prop-
erties that characterize long term potentiation in a neuron
[34]. The positive interaction of P2X receptors may serve
to steepen the synaptic response in much the same man-
ner as having multiple ligand binding sites.
Materials and Methods
Electrophysiology
P2X2 receptors were expressed in Xenopus oocytes by
mRNA injection [35]. In order to obtain outside-out
patches with a single channel from Xenopus oocytes, we
decreased expression by reducing the amount of mRNA
from 50 ng to 25 ng, lowering the incubation temperature
from 17 to 14°C, and shortening the incubation time to
16 hours.
For electrophysiological experiments, Xenopus oocytes
were cultured in the medium (ND96) contained (in mM):
NaCl 96, KCl 2, MgCl2 1, CaCl2 1.8, HEPES 5, and was ti-
trated to pH 7.5 with NaOH and sterilized by filtration.
All chemicals were purchased from Sigma Chemical Co.
(St. Louis, MO).
Patch clamp recordings were made from Xenopus oocytes
16 hr after injecting mRNA at room temperature [10]. Re-
cording pipettes were pulled from borosilicate glass
(World Precision Instruments, Sarasota, FL), coated with
Sylgard, and had resistances of about 10 MΩ.
The pipette solution for recording from Xenopus oocytes
contained (in mM): 90 NaF, 5 NaCl, 11 EGTA, 10 HEPES
at pH 7.4. The bath and control perfusion solutions were
the same and contained (in mM): 100 NaCl, 2 KCl, 1
MgCl2, 1 CaCl2, 11 glucose, 10 HEPES at pH 7.4. The
patch perfusion solutions were the same as the bath solu-
tions, except for modified divalent and ATP concentra-
tions as indicated for particular experiments. The
perfusate was driven by an ALA BPS-4 perfusion system
(ALA Scientific Instruments, NY).
Currents were recorded with an AXOPATCH 200B patch
clamp amplifier (Axon Instruments, Inc., CA), and stored
on videotape using a VR-10A digital data recorder (Instru-
tech Corp., NY). The data were low-pass filtered at 5–20
kHz bandwidth (-3dB) and digitized at sampling intervals
of 0.025–0.1 ms using a LabView data acquisition pro-
gram (National Instruments™, Austin, TX).
Analysis
Single channel amplitudes and open channel noise
The mean amplitudes of single channel currents were de-
termined by all-points amplitude histograms that were fit
to a sum of multiple Gaussian distributions. The number
of components depended on the number of active chan-
nels. Due to the random nature of noise, the variance of
independent channels and background noise will add.
Thus the variance of total noise of nth open level, σ2
o,n,
which is the variance of nth open level of current (meas-
ured from amplitude histograms), is the summation of
variances of the open channels and the background noise.
Therefore, the general equation for calculating the excess
open channel noise of the nth open level, σex,n, is:
σex,n = (σ2
o,n - σ2
ex,n-1 - ... σ2
ex,i - ... σ2
ex,1 - σ2
c)1/2
(1)
σ2
o,n is the variance of noise of nth open level of current
from histograms, σ2
ex,i the variance of open channel noiseBMC Neuroscience 2002, 3 http://www.biomedcentral.com/1471-2202/3/17
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at ith level, and σ2
c the variance of the closed level, etc. In
particular, for patches containing two open channels, the
open channel noise for the 1st and 2nd open levels are:
σex,1 = (σ2
o,1 - σ2
c)1/2   (2)
σex,2 = (σ2
o,2 - σ2
ex,1 - σ2
c)1/2   (3)
The probability of the channel being open, po
For the currents from patches containing a single channel,
the probability of being open, po, was defined from the
amplitude histogram as the ratio of the area from open
channels (Ao) to the total area (Ao + Ac):
For the currents from patches containing multiple chan-
nels, the probability of being open simultaneously of the
ith channel, po,i, was similarly defined as the ratio of area
of ith level (Ao,i) to the total area (Atotal), which is the
summation of closed and open peak areas in histogram:
This calculation is insensitive to short events. In our initial
analysis, we treated the channel as having two amplitude
classes, open and closed. All rapid gating events associated
with the open channel were treated as noise. Essentially
we defined open as 'not closed'.
Binomial distribution test
If there are N identical channels in the patch, each with a
probability po of being open, and if the channels act inde-
pendently, the probability of k channels being in the open
state simultaneously is given by the binomial distribu-
tion:
po can be estimated from the single-channel dose-re-
sponse curve (Fig. 2B). We compared P(k)binomial with
P(K)exp obtained from amplitude histograms of experi-
mental data. A significant deviation of P(k)exp from P(k)bi-
nomial suggests either non-independence or nonidentical
channels. Since the binomial analysis contains no kinetic
information, different kinetic behaviors can produce the
same distribution.
Mean open channel lifetime and simulation
The mean open lifetimes at each level were obtained from
idealized currents using a recursive Viterbi algorithm
known as the 'segmental k-means' (SKM) algorithm in
QUB suite  [www.qub.buffalo.edu]. In this method, the
mean open lifetime is the average of all individual events
at the same level. We used the program 'Simu' in QUB to
simulate single channel currents.
Authors' contributions
SD carried out all experimental work and drafted the man-
uscript. FS conceived of the study. All authors read and ap-
proved the final manuscript.
Acknowledgements
We would like to thank Drs. David Julius and Tony Brake (University of 
California, San Francisco) for providing P2X2 DNA. We thank Dr. Richard 
Horn for his insightful discussion. This work was supported by the NIH.
References
1. Robertson SJ, Ennion SJ, Evans RJ, Edwards FA: Synaptic P2X re-
ceptors. Cur Opin Neurobiol 2001, 11:378-386
2. Burnstock G: P2X receptors in sensory neurons. Br J Anaes 2000,
84:476-488
3. Norenberg W: NeuronalP2X receptors: localisation and func-
tional properties.  Naunyn-Schmiedeberg's Arch Pharmacol 2000,
362:324-339
4. North RA: P2X receptors: a third major class of ligand-gated
ion channels. Ciba Found Symp 1996, 198:91-105
5. North RA, Barnard EA: Nucleotide receptors. Cur Opin Neurobiol
1997, 7:346-357
6. Brake AJ, Wagenbach MJ, Julius D: New structural motif for lig-
and-gated ion channels defined by an ionotropic ATP recep-
tor. Nature 1994, 371:519-523
7. Valera S, Hussy N, Evans RJ, Adami N, North RA, Surprenant A, Buell
G: A new class of ligand-gated ion channel defined by P2X re-
ceptor for extracellular ATP. Nature 1994, 371:516-519
8. Khakh BS, Bao XR, Labarca C, Lester HA: Neuronal P2X trans-
mitter-gated cation channels change their ion selectivity in
seconds. Nat Neurosci 1999, 2:322-330
9. Virginio C, MacKenzie A, Rassendren FA, North RA, Surprenant A:
Pore dilation of neuronal P2X receptor channels. Nat Neurosci
1999, 2:315-321
10. Hamill OP, Marty A, Neher E, Sakmann B, Sigworth FJ: Improved
patch-clamp techniques for high-resolution current record-
ing from cells and cell-free membrane patches. Pflu Arch – Eur
J Physiol 1981, 391:85-100
11. Yeramian E, Trautmann A, Claverie P: Acetylcholine receptors
are not functionally independent. Biophys J 1986, 50:253-263
12. Tytgat J, Hess P: Evidence for cooperative interactions in po-
tassium channel gating. Nature 1992, 359:420-423
13. Keleshian AM, Edeson RO, Liu GJ, Madsen BW: Evidence for coop-
erativity between nicotinic acetylcholine receptors in patch
clamp records. Biophys J 2000, 78:1-12
14. Keleshian AM, Yeo GF, Edeson RO, Madsen BW: Superposition
properties of interacting ion channels. Biophys J 1994, 67:634-
640
15. Schindler H: Cooperativity between acetylcholine-receptor
channels. Prog Clin Biol Res 1984, 164:291-294
16. Roberts WM, Jacobs RA, Hudspeth AJ: Colocalization of ion chan-
nels involved in frequency selectivity and synaptic transmis-
sion at presynaptic active zones of hair cells. J Neurosci 1990,
10:3664-3684
17. Barajas-Lopez C, Espinosa-Luna R, Zhu Y: Functional interactions
between nicotinic and P2X channels in short-term cultures
p
A
AA
o
o
oc
=
+ () 4
p
A
A
A
AA
oi
oi
Total
oi
co i
i
n ,
,,
,
==
+
()
=
∑
1
5
Pk
N
k
pp binomial o
k
o
Nk () =

 

  − ( ) ()
− 16BMC Neuroscience 2002, 3 http://www.biomedcentral.com/1471-2202/3/17
Page 11 of 11
(page number not for citation purposes)
of guinea-pig submucosal neurons. [see comments]. J Physiol
(Lond) 513:671-683
18. Ding S, Sachs F: Ion permeation and block of P2X2 purinocep-
tors: single channel recordings. J Mem Biol 1999, 172:215-223
19. Ding S, Sachs F: Single channel properties of P2X2 purinocep-
tors. J Gen Physiol 1999, 113:695-720
20. Keleshian AM, Yeo GF, Edeson RO, Madsen BW: Superposition
properties of interacting ion channels. Biophys J 1994, 67:634-
640
21. Horn R: Estimating the number of channels in patch record-
ings. Biophys J 1991, 60:433-439
22. Miller C: Open-state substructure of single chloride channels
from Torpedo electroplax. Philo Trans Roy Soc Lond – Ser B: Biol Sci
1982, 299:401-411
23. Jackson MB: Stochastic behavior of a many-channel mem-
brane system. Biophys J 1985, 47:129-137
24. Silberberg SD, Magleby KL: Preventing errors when estimating
single channel properties from the analysis of current fluctu-
ations. Biophys J 1993, 65:1570-1584
25. Maconochie DJ, Steinbach JH: Block by acetylcholine of mouse
muscle nicotinic receptors, stably expressed in fibroblasts. J
Gen Physiol 1995, 106:113-147
26. Ogden DC, Colquhoun D: Ion channel block by acetylcholine,
carbachol and suberyldicholine at the frog neuromuscular
junction. Proc Roy Soc Lond – Ser B: Biol Sci 1985, 225:329-355
27. Uteshev V: The binomial distribution and the evidence for in-
dependent action of ion channels. J Theor Biol 1993, 163:485-489
28. Bucossi G, Nizzari M, Torre V: Single-channel properties of ionic
channels gated by cyclic nucleotides [see comments]. Biophys
J 1997, 72:1165-1181
29. Almers W, Stanfield PR, Stuhmer W: Lateral distribution of sodi-
um and potassium channels in frog skeletal muscle: meas-
urements with a patch-clamp technique. J Physiol (Lond) 1983,
336:261-284
30. Aldrich RW, Corey DP, Stevens CF: A reinterpretation of mam-
malian sodium channel gating based on single channel re-
cording. Nature 1983, 306:436-441
31. DeFelice LJ: Molecular and biophysical view of the Ca channel:
a hypothesis regarding oligomeric structure, channel clus-
tering, and macroscopic current. J Mem Biol 1993, 133:191-202
32. Khakh BS, Zhou X, Sydes J, Galligan JJ, Lester HA: State-dependent
cross-inhibition between transmitter-gated cation channels.
Nature 2000, 406:405-410
33. Zhou X, Galligan JJ: Non-additive interaction between nicotinic
cholinergic and P2X purine receptors in guinea-pig enteric
neurons in culture. J Physiol (Lond) 1998, 513:685-697
34. Bliss TV, Collingridge GL: A synaptic model of memory: long-
term potentiation in the hippocampus. Nature 1993, 361:31-39
35. Goldin AL: Maitenance of Xenopus laevis and oocyte injec-
tion. Methods Enzymol 1992, 207:266-279
Publish with BioMed Central    and   every 
scientist can read your work free of charge
"BioMedcentral will be the most significant development for 
disseminating the results of biomedical research in our lifetime."
Paul Nurse, Director-General, Imperial Cancer Research Fund
Publish with BMC and your research papers will be:
available free of charge to the entire biomedical community
peer reviewed and published immediately upon acceptance
cited in PubMed and archived on PubMed Central 
yours - you keep the copyright
editorial@biomedcentral.com
Submit your manuscript here:
http://www.biomedcentral.com/manuscript/
BioMedcentral.com